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3. Methodology	Two	 different	 testing	methods	 were	 used	 to	 study	 the	 corrosion	 of	 Ti-35.4Zr-28Nb	 -	immersion	testing	and	electrochemical	testing.	CP	Ti	was	tested	as	a	control	material.		
3.1. Immersion	Testing	Immersion	 testing	was	 conducted	 using	 Hanks’	 solution	 and	 3.5%	NaCl	 solution.	 The	sample	 preparation	 in	 both	 cases	 was	 the	 same.	 Weight	 loss	 measurements	 of	 the	samples	were	taken	before	immersion	tests	and	the	coupons	were	assembled	following	this.	 Another	 set	 of	 weight	 loss	 measurements	 were	 conducted	 after	 the	 immersion	tests.			
3.1.1. Sample	Preparation	1. CP	 Ti	 samples	were	 cut	 to	 size	 (10	mm	 x	 10	mm)	 using	 a	 Struers	 Discotom-6	cutting	machine.	The	Ti	alloy	samples	were	already	available	as	per	the	required	size	(10	mm	x	10	mm).	2. All	samples	were	ground	sequentially	using	Struers	Tegraforce-5	orbital	machine	with	 a	 320-grit	 followed	 by	 600-,	 1200-	 and	 4000-grit	 silicon	 carbide	 abrasive	paper.	 The	 samples	 were	 rinsed	 with	 ethanol	 and	 dried	 with	 compressed	 air	between	each	grinding	step.	3. The	samples	were	then	polished	using	Struers	Oxide	Polishing	Suspension	with	hydrogen	peroxide	(OP-S	+	20%	H2O2)	to	0.5	micron.	4. After	 the	 polishing,	 the	 samples	 were	 placed	 in	 a	 beaker	 of	 ethanol	 and	ultrasonically	cleaned	for	3	–	4	minutes,	and	dried	with	compressed	air.	5. After	 the	 cleaning,	 all	 samples	 were	 placed	 in	 a	 zip	 lock	 bags	 and	 kept	 in	 a	desiccator.	
3.1.2. Weight	Loss	Measurements	Prior	to	the	weight	loss	measurements,	all	samples	were	photographed	using	an	optical	microscope.	The	samples	were	then	weighed	using	an	analytical	balance	and	the	sample	coupons	 assembled.	 After	 immersion	 testing	 had	 concluded,	 each	 sample	 was	 re-photographed	and	re-weighed.	The	reduction	in	weight	was	then	calculated.		
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3.2. Electrochemical	Testing	Electrochemical	tests	were	conducted	in	both	Hanks’	solution	and	NaCl	solution	using	a	PARSTAT	 2263	 Advanced	 Electrochemical	 System.	 The	 software	 used	 was	 Princeton	Applied	 Research	 Electrochemistry	 PowerSuite.	 A	 silver/silver	 chloride	 electrode	saturated	with	potassium	chloride	(Ag/AgCl	Sat.	KCl)	was	used	as	a	reference	electrode.			Before	testing	could	commence,	the	samples	were	prepared	as	follow.				
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3.2.1. Sample	preparation	The	samples	were	prepared	in	the	following	way:	1. The	samples	were	ground	sequentially	using	320-,	600-,	1200-,	4000-grit	silicon	carbide	abrasive	paper,	 as	per	 the	 immersion	 testing.	The	samples	were	 rinsed	with	ethanol	and	dried	with	compressed	air	between	each	step.	2. A	copper	wire	was	laser	welded	to	each	sample.	3. The	samples	were	then	set	in	an	epoxy	resin,	with	the	copper	connection	covered	by	epoxy,	and	exposing	a	surface	area	of	approximately	1	cm2.	4. Each	sample	was	numbered	using	a	Dremyl	for	identification	purposes.	5. All	samples	were	repolished	using	4000-grit	silicon	carbide	to	remove	any	epoxy	resin	on	the	outer	surface.	6. The	surface	area	of	each	sample	was	measured	and	recorded.	







Potentiodynamic	polarisation	curve	The	 final	 electrochemical	 test	was	 the	 polarisation	 curve.	 Scans	were	 carried	 out	 at	 a	scan	rate	of	0.1660	mV/s	in	the	range	from	-0.2500	to	3.0000	volts.			At	the	completion	of	polarisation	curve,	the	sample	was	removed	from	the	solution	and	rinsed	with	distilled	water,	dried	with	compressed	air	and	placed	in	zip	locked	bag.			






Coupon	 Material	 Samples	1	 Ti	alloy	 1,	2,	3	2	 Ti	alloy	 4,	5,	6	3	 CP	Ti	 1,	2,	3	4	 CP	Ti	 4,	5,	6		
4.1.1. Surface	Morphology	




Figure	 8	 shows	 similar	 morphology	 for	 the	 TiZrNb	 alloy	 after	 immersion	 in	 Hanks’	solution	for	28	days.	The	formation	of	a	surface	layer	can	be	seen	on	the	outer	edge	of	the	 sample.	 This	 is	 analysed	 further	 in	 section	 4.2.1.1	There	 is	 no	 evidence	 of	 crevice	corrosion.		
Figure	8:	TiZrNb	sample	4	after	28	days	in	Hanks’	solution	at	37	°C	
4.1.1.2. NaCl	Solution		Figure	 9	 show	 the	 corrosion	morphology	 of	 typical	 CP	 Ti	 samples	 immersed	 in	 3.5%	NaCl	solution	for	28	days.	An	image	of	a	typical	TiZrNb	sample	is	shown	in	Figure	10.			CP	 Ti	 shows	 a	 predominantly	 uniform	 surface	 and	 there	 is	 no	 evidence	 of	 crevice	corrosion	as	illustrated	in	Figure	9.		
	
16	





4.1.2. Weight	Loss	Measurements	Each	sample	was	weighed	before	and	after	the	immersion	testing.	The	change	in	weight	has	been	calculated	in	mass	(g).	The	change	in	weight	was	calculated	using	the	following	equation:	 ∆𝑚 𝑔 =  𝑤𝑒𝑖𝑔ℎ𝑡!"#$%" −  𝑤𝑒𝑖𝑔ℎ𝑡!"#$% 		































4.2.1.2. NaCl	solution	Figure	12	shows	the	surface	composition	of	a	typical	TiZrNb	sample	immersed	in	3.5%	NaCl	 solution	 for	28	days.	The	presence	of	 oxygen	 suggests	 the	 formation	of	 an	oxide	layer.	A	slight	decrease	in	both	Zr	and	Nb	contents	is	also	observed,	when	compared	to	the	original	composition.	
	
Figure	12:	EDX	spectra	of	TiZrNb	sample	1	after	28	days	in	3.5%	NaCl	solution	at	95	°C		
Element        (keV)   Mass%  Error%   Atom%  
 C K           0.277   19.03    0.11   39.84                              
 O K*          0.525    7.76    0.57   12.20                              
Na K*          1.041    0.58    0.10    0.63                              
Mg K*          1.253    1.60    0.08    1.66                              
Si K           1.739    0.27    0.06    0.24                              
 P K           2.013   19.83    0.07   16.10                             
Ca K           3.690   35.82    0.10   22.48                             
Ti K           4.508   10.79    0.14    5.66                             
Zr L           2.042    4.32    0.19    1.19                              
Total                 100.00          100.00                          
011
200 µm 






























Element        (keV)   Mass%  Error%   Atom%   
 C K           0.277    2.09    0.09   10.51                              
 O K           0.525    0.86    0.34    3.25                              
Ti K           4.508   37.29    0.09   47.00                           
Zr L           2.042   33.79    0.14   22.37                             
Nb L           2.166   25.96    0.13   16.87                             
Total                 100.00          100.00                          
015
100 µm 







































Material	 Sample	 Dimensions	(mm)	 Surface	area	(cm2)	Ti	alloy	 1	 Diam	=	8mm	 0.50	2	 Diam	=	8mm	 0.50	
CP	Ti	 1	 10.3	x	11.3	 1.16	2	 10.5	x	13.3	 1.40	3	 11.4	x	10.7	 1.21		
4.3.2. Open	Circuit	Potential	





















CP	Ti	 1	 264	2	 334	3	 280	Ti	alloy	 1	 714	2	 452			Figure	16	shows	the	phase	angle	approaching	90°	for	medium	to	low	frequencies.	This	is	seen	for	all	samples	in	Hanks’	solution	at	37	°C.		
	







CP	Ti	 1	 507	2	 753	3	 538	Ti	alloy	 1	 2350	2	 630		

















Material	 Sample	 Diameter	(kΩ)	CP	Ti	 1	 3126	2	 366	Ti	alloy	 1	 5956	2	 1554		
4.3.4. Potentiodynamic	Polarisation	Curve	Potentiodynamic	 polarisation	 curves	 show	 corrosion	 potential	 versus	 current	 density	(A/cm2).	 The	 corrosion	 potential,	 passivation	 current	 density	 and	 film	 breakdown	potential	can	be	found	from	the	polarisation	curves.			
















CP	Ti	 1	 -70	 1020	 1.02	 1090	2	 -165	 820	 0.43	 985	3	 -191	 940	 0.82	 1131	Ti	alloy	 1	 -327	 480	 0.77	 807	2	 -141	 860	 1.30	 1001		




















5.1.2. Weight	Loss	Measurements	The	change	 in	weight	of	 the	samples	 in	both	Hanks’	solution	and	NaCl	solution	was	 in	the	 order	 on	 0.0001g.	 Therefore,	 the	 weight	 loss	 is	 considered	 negligible.	 This	 also	indicates	a	low	corrosion	rate.			
5.1.3. Surface	Composition	Presence	of	calcium	(Ca),	phosphorus	(P)	and	oxygen	(O)	suggests	that	the	surface	layer	may	 be	 calcium	 phosphate,	 Ca10(PO4)6(OH)2	 (also	 called	 hydroxyapatite).	 Calcium	phosphate	is	a	corrosion	inhibitor,	known	to	play	a	protective	role	for	Ti	and	Ti	alloys,	resulting	in	a	decrease	in	corrosion	rate.	The	slight	decrease	in	both	Zr	and	Nb	contents	confirms	a	low	corrosion	rate.		
5.1.4. Solution	Analysis	Low	concentration	of	Ti	was	detected	in	both	solutions	for	CP	Ti.	Low	concentration	of	Ti,	Zr	and	Nb	was	detected	in	both	solutions	for	the	Ti	alloy.	It	was	noted	that	a	higher	concentration	of	Nb	was	found	compared	to	Zr,	despite	having	a	lower	content.			The	 concentration	detected	 in	 the	 solutions	was	 typically	higher	 for	 the	NaCl	 solution	than	Hanks’	solution.	This	was	expected	as	NaCl	contains	higher	chloride	content.	It	was	also	at	an	elevated	temperature,	further	increasing	corrosion	rates.			Overall	the	low	concentration	of	Ti,	Zr,	Nb	detected	was	considered	negligible	indicating	a	low	corrosion	rate.			From	the	above	discussion,	it	can	be	observed	that	the	corrosion	of	CP		
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Ti	 and	 Ti	 alloy	 is	 a	 passivation	 process	 in	 both	 the	 Hanks’	 solution	 and	 3.5%	 NaCl	solution.		
5.2. Electrochemical	Testing	
5.2.1. OCP	The	trends	shown	in	Figure	13	and	Figure	14	 indicate	 the	spontaneous	 formation	of	a	protective	film	on	the	surface	of	all	samples.	An	increase	in	corrosion	potential	indicates	thickening	of	the	protective	film.	Overall,	both	CP	Ti	and	Ti35Zr28Nb	exhibit	passivation	behaviour	 in	Hanks’	 solution	 and	NaCl	 solution.	 Passivation	 behaviour	 is	 indicative	 of	low	corrosion	rates.		
5.2.2. EIS	High	modulus	of	impedance	(Z)	at	low	frequencies	is	seen	for	all	samples	in	both	Hanks’	solution	and	NaCl	solution.	This	indicates	high	polarisation	resistance	and	consequently	low	corrosion	rate.			The	phase	plots	show	the	phase	angle	approach	90°	for	medium	to	low	frequencies.	This	indicates	 a	 highly	 capacitive	 behaviour	 of	 all	 samples	 in	 Hanks’	 solution	 and	 NaCl	solution.	 This	 is	 typical	 of	 passive	materials,	 suggesting	 that	 a	 highly	 stable	 film	was	formed	on	all	tested	samples.		A	 wide	 capacitance	 arc	 indicates	 an	 increase	 in	 reaction	 resistance.	 This	 indicates	 a	dense	passive	film	is	formed	on	the	surface.	This	is	seen	in	all	samples	in	Hanks’	solution	and	NaCl,	indicating	a	low	corrosion	rate.		
5.2.3. Potentiodynamic	Polarisation	Curve	The	nature	of	 the	polarisation	 curves	 indicate	 that	 all	 samples	 exhibit	 self-passivation	behaviour.	Partial	stabilisation	of	current	density	suggests	that	a	protective	passive	film	is	formed	within	the	potential	range.		
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At	approximately	1V	the	passive	film	is	seen	to	breakdown	in	all	samples.	This	is	caused	by	 the	 chloride	 ions	 from	 the	 solution.	 The	 restoration	 time	 for	 the	 passive	 film	 is	shorter	for	CP	Ti,	suggesting	it	has	a	more	stable	and	protective	film.		The	polarisation	curves	show	very	 low	Icorr	values	(in	the	order	of	10-6	A/cm2).	This	 is	typical	 of	 passive	 materials.	 Overall,	 the	 passivation	 behaviour	 of	 both	 the	 materials	indicate	low	corrosion	rates.		
5.3. Experimental	Difficulties	Throughout	 the	 experimental	 procedure,	 there	 were	 several	 difficulties,	 which	 could	have	potentially	affected	the	results,	including	but	not	limited	to:	
• Potential	inconsistencies	in	sample	preparation:	The	samples	were	unable	to	be	automatically	 ground	 and	 polished	 using	 Struers	 Tegraforce-5	 orbital	 machine	due	to	nature	of	the	corrosion	testing.	The	samples	were	unable	to	be	mounted	due	to	the	coupon	assembly	configuration.	Therefore,	it	was	restricted	to	manual	surface	preparation	only.	This	made	it	difficult	to	ensure	the	surface	preparation	was	consistent	for	all	samples.	
• Scratches	during	polishing:	There	were	suspected	diamond	particles	embedded	in	 the	 polishing	 cloth	 from	 previous	 usage	where	 diamond	 paste	was	 used	 for	polishing.	This	resulted	in	faint	scratches	on	the	sample	surface	during	the	final	polishing	step.	
• Inconsistencies	in	coupon	assembly:	Due	to	the	small	and	slightly	varied	sizes	of	the	 samples	 it	 was	 difficult	 to	 perfectly	 align	 the	 stack	 of	 PTFE	 washers	 and	samples.	 This	may	 have	 resulted	 in	 a	 difference	 in	 crevice	 simulation	 between	samples.	
• Evaporation	 of	 the	 water	 bath:	 Over	 the	 28	 days	 of	 testing	 the	 water	 bath	experienced	some	water	evaporation,	requiring	the	water	bath	to	be	topped	up	to	the	required	water	 level.	This	resulted	 in	minor	disturbances	 to	 the	water	bath	temperature.		
• Evaporation	 during	 immersion	 testing:	 Over	 the	 duration	 of	 the	 immersion	testing	 the	 beaker/flask	 experienced	 evaporation.	 This	 may	 have	 affected	 the	concentration	 of	 the	 solution.	 Steps	 were	 taken	 to	 minimise	 these	 effects,	including	covering	the	beaker	and	the	use	of	a	cooling	system.	
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• Cleaning	samples:	Before	the	samples	were	weighed,	 they	were	cleaned	using	a	solution	 of	 nitric	 acid	 (HNO3)	 and	 hydrofluoric	 acid	 (HFl).	 This	 may	 have	influenced	 the	 corrosion.	 However,	 the	 overall	 weight	 loss	 was	 considered	negligible.		 	
	
35	
6. Conclusion	The	 experimental	 investigation	 of	 corrosion	 stability	 of	 Ti-35.4Zr-28Nb	 in	 synthetic	body	fluid	was	conducted	to	aid	in	the	development	of	a	porous	Ti	alloy	for	use	as	a	bone	replacement	material.	 The	 corrosion	 analysis	was	 conducted	using	 immersion	 testing,	OCP,	EIS	and	potentiodynamic	polarisation	curves		Based	 on	 the	 experimental	 results	 and	 corrosion	 analysis,	 no	 significant	 evidence	 of	crevice	corrosion	was	observed	under	the	testing	conditions	indicating	that	both	CP	Ti	and	the	Ti	alloy	are	not	sensitive	to	crevice	corrosion.		This	conclusion	of	low	corrosion	rate	was	made	based	on	the	following	observations:	
• Low	weight	 loss	and	 low	concentration	of	Ti,	Zr	and	Nb	 found	after	 immersion	testing	
• Corrosion	potential	increases	and	stabilises	during	OCP	measurement	indicating	a	typical	passivation	behaviour	
• High	modulus	of	 impedance	 (Z)	at	 low	 frequencies,	 indicating	high	polarisation	resistance	
• Phase	 angle	 close	 to	 90°	 for	 medium	 to	 low	 frequencies,	 indicating	 a	 highly	capacitive	behaviour	
• A	wide	capacitance	arc,	indicating	passive	film	formation		










































HANKS' BALANCED SALTS [HBSS]
Without Sodium Bicarbonate and Phenol Red
Product Number H1387
Product Description
Although there have been many modifications to the 
original formulas in efforts to produce fully defined 
media, salt solutions still play an important role in 
tissue culture. A salt solution's basic function, to 
maintain the pH and osmotic balance in the medium 
and to provide the cells with water and essential 
inorganic ions, is as valuable today as when it was first 
developed a century ago.
Components g/L
Calcium Chloride (anhydrous) 0.1396
Magnesium Sulfate(anhydrous) 0.09767
Potassium Chloride 0.4
Potassium Phosphate Monobasic 0.06
(anhydrous)
Sodium Chloride 8.0
Sodium Phosphate Dibasic (anhydrous) 0.04788
D-Glucose 1.0
Precautions and Disclaimer 
REAGENT
For R&D use only. Not for drug, household or other 
uses.       
Preparation Instructions 
Powdered salts are hygroscopic and should be 
protected from moisture. The entire contents of each 
package should be used immediately after opening. 
Preparing a concentrated salt solution is not 
recommended as precipitates may form. Supplements 
can be added prior to filtration or introduced 
aseptically to sterile salt solution.
1. Measure out 90% of final required volume of 
water. Water temperature should be 15-20 °C.
2. While gently stirring the water, add the powdered 
medium. Stir until dissolved. Do NOT heat. 
3. Rinse original package with a small amount of 
water to remove all traces of powder. Add to 
solution in step 2.
4. To the solution in step 3, add 0.35 g sodium 
bicarbonate or 4.7 ml of sodium bicarbonate 
solution [7.5%w/v] for each liter of final volume of 
medium being prepared. Stir until dissolved.
5. While stirring, adjust the pH of the medium to 0.1-
0.3 pH units below the desired pH since it may rise 
during filtration. The use of 1N HCl or 1N NaOH is 
recommended.
6. Add additional water to bring the solution to final 
volume.
7. Sterilize immediately by filtration using a 
membrane with a porosity of 0.22 microns.
8. Aseptically dispense medium into sterile container.
Storage and Stability 
Store the dry powdered salts at 2-8 °C under dry 
conditions and liquid medium at 2-8 °C in the dark. 
Deterioration of the powdered medium may be 
recognized by any or all of the following: [1] color 
change, [2] granulation/clumping, [3] insolubility. 
Deterioration of the liquid medium may be recognized 
by any or all of the following: [1]  pH change, [2] 
precipitate or particulates, [3] cloudy appearance [4] 
color change. The nature of supplements added may 
affect storage conditions and shelf life of the medium. 
Product label bears expiration date.
Procedure
Materials Required but Not Provided
Water for tissue culture use [W3500]
Sodium Bicarbonate [S5761] or
Sodium Bicarbonate Solution, 7.5% [S8761]
1N Hydrochloric Acid [H9892]
1N Sodium Hydroxide [S2770]
Medium additives as required
References
1. Hanks, J. (1976) Hanks' Balanced Salt Solution 
and pH Control. Tissue Culture Association 
Manual. 3, 3.
Revised: April 2007
Sigma-Aldrich, Inc. warrants that its products conform to the 
information contained in this and other Sigma-Aldrich publications. 
Purchaser must determine the suitability of the product(s) for their 
particular use. Additional terms and conditions may apply. Please 
see reverse side of the invoice or packing slip. 
